A successful tissue culture initiation step often begins with effective explant sterilization. To improve douglas fi r bud culture initiation, fi ve sterilization treatments (20% bleach, 100% bleach, 3 second fl aming, 5 second fl aming, and self-extinguishing fl aming) were evaluated for their effectiveness on winter and spring bud sterilization. The 20% and 100% bleach treatments resulted in the highest percentage of healthy bud cultures (>90% for winter buds). Spring buds showed a higher level of contamination with 20% bleach sterilization (36%) than did winter buds (1%). Successful sterilization was also achieved by fl aming, but bud injury was observed. Increased fl aming time caused a decrease in the percentage of healthy actively growing buds. The percentage of healthy bud cultures after 3 second fl aming, 5 second fl aming and self-extinguishing-fl aming (9 to 14 s) were 66%, 59%, and 10% respectively. In addition, sterilization by either approach required subsequent bud dissection to remove the outer scales; otherwise most buds were lost to contamination. When sterilization was followed by bud dissection, contamination rates for winter buds were <2% for all treatments. After successful sterilization and culture initiation, bud expansion was the highest (50% to 98%) in the presence of low concentrations of BA (0 to 0.045 µmol·L -1 ), while high concentrations of BA (0.448 to 4.527 µmol·L -1 ) reduced bud expansion (0% to 60%), but promoted bud multiplication.
Douglas fi r (Pseudotsuga menziesii Mirb. Franco) is an important plant species for the timber, landscape and Christmas tree industries of North America. Douglas fi r has an extensive natural range stretching from central California north to Alaska for the coastal variety menziesii and in the interior Rockies from central Mexico north to British Columbia for the glauca variety (Alexander, 1985 (Alexander, , 1988 . Its adaptation to a wide limbs, secondary (lammas) growth, forks, needle length, needle retention, and foliage color (Brown 1988) . Progeny test selection of the best 10% of douglas fi r parents yielded an 18% gain over average tree value (Silen, 1978; Silen and Wilson, 1977) .
True-to-type cloning of selected elite Christmas trees is recognized as a powerful tool to overcome the serious problem of tree-to-tree variability in Christmas tree production. More than 40% of trees grown from open-pollinated seedlings cannot be sold despite intensive cultural efforts (Saravitz and Blazich, 1997) . Cloning by vegetative propagation can reproduce outstanding genotypes by avoiding genetic segregation (Kleinschmit et al., 1993) . The most commonly encountered diffi culty for cloning elite forest trees is the inability to obtain multiplication and rooting of material from mature trees (Abdullah et al., 1987; Bonga, 1981; Von Arnold and Eriksson, 1979) . This should be less of a problem for vegetative propagation of Christmas trees, which are usually genotyped and harvested while still juvenile, the best stage for cloning.
Two vegetative propagation approaches, namely rooting of cuttings and tissue culture, have been investigated in several conifers. While rooting of cuttings is lower in cost and less technically demanding, plagiotropic growth of rooted cuttings often found with conifers, is unacceptable for Christmas tree production (Ritchie et al., 1994; Wigmore and Woods, 2000) . The tissue culture approach includes the following three methods: 1) axillary budding, 2) induction of adventitious buds, which are formed from loci that would not otherwise give rise to them, and 3) somatic embryogenesis (Thorpe and Harry, 1990) . Somatic embryogenesis does not meet the cloning objective of reproducing a specifi c genotype, because it usually works only with zygotic material from seeds. A disadvantage in using an adventitious budding system is the potential to obtain tissue culture induced somaclonal (epigenetic) variation (Patel and Berlyn, 1982) . In a commercial setting, the threat of somaclonal variation is often serious enough to eliminate consideration of micropropagation as a cloning method. Axillary budding with no genetic variation and minimal somaclonal variation has been reported for several conifers, however. Therefore, we are concentrating on optimizing shoot culture techniques based on axillary budding for cloning douglas fi r.
For a successful and effi cient micropropagation method, it is important to start with an effi cient plant material sterilization step. However, micropropagation initiation in conifers using buds from mature trees often encounters contamination problems (Keathley, 1984; Timmis and Ritchie, 1984) . It was therefore thought in the past that simple bleach treatment was not effective in controlling contamination without injuring the buds (Timmis and Ritchie, 1984) . Successful sterilization of douglas fi r buds from mature trees was achieved, using complicated steps and toxic chemicals such as mercuric chloride . Though simple sterilization protocols using only bleach were later used for mature tree bud sterilization and culture initiation (Dunstan et al., 1986 (Dunstan et al., , 1989 , variety of environments from extremely dry to moist sites and sea level to very high elevations (3200 m) make it an ideal species for growth in plantations such as Christmas tree farms. About 21 million Christmas trees are harvested for sale each year in the US, of which douglas fi r is the most popular (USDA, 2002) . Almost 200,000 ha of farm land are devoted to Christmas tree production in the US alone (USDA, 2002) . Before the 1950s, most family Christmas trees came from the forest. Today over 98% of real Christmas trees are plantation grown. Most Christmas trees are started in a nursery where seeds are planted and grown to 2-year-old seedlings. Seedlings are then taken from the nursery beds and transplanted at Christmas tree farms where they are grown until harvest. Christmas trees are managed as a farm crop and have high value while still in the juvenile growth phase. Christmas trees also have relatively short rotation age (4 to 16 years) and are more intensively managed than forest trees.
Christmas tree improvement includes production traits, such as survival rate, growth rate, straightness, and pest resistance, and also retail traits such as color, needle length and retention, response to shearing, branch habit and wholesale value (McKinley and McKeand, 1995) . Estimates of genetic variation in growth and quality traits have been reported for douglas fi r as a Christmas tree species (Gerhold, 1993; Silen and Wilson, 1977 a direct comparison of the effi ciency of the alternative methods has not been reported.
Heat treatment, when adequately used, has the potential to yield clean explants for in vitro culture initiation. The use of heat treatment for explant sterilization in douglas fi r plant tissue culture has not previously been reported, however. Douglas fi r buds (especially winter buds) are well encased in a hard shell of protective scales. This protects the bud from outside environmental hardships including low temperature and microorganisms. We reasoned that due to the protective shell, heat treatment could be used to kill microorganisms on the outside of the bud without severely injuring the bud or interfering with its development. Such a method, if successful could be rapid and improve bud sterilization and establishment in vitro. In this work, we studied the effect of various fl aming treatments in comparison with simple bleach treatments on in vitro culture establishment of mature douglas fi r winter and spring buds. Since benzylaminopurine (BA) was previously shown to have a signifi cant effect on douglas fi r bud development in vitro (Cheng and Voqui, 1977; Dunstan et al., 1986; 1992; Mohammed and Patel, 1989) , we also studied the effect of BA on the establishment and development of cultures from terminal and axillary buds following various sterilization treatments.
Materials and Methods
Plant material. Mature douglas fi r trees selected as elite genotypes from previous breeding programs and growing on the Pennsylvania State University grounds (University Park, Pa.) were used for this study. The trees were over 20 years old and apparently healthy except for the genotype G1 (67EP47) that was showing needle rust symptoms. For the sterilization experiment, terminal branches supporting unopened vegetative buds were collected weekly in the winter (December to February) and in spring (April and May) from three trees (G1 (67EP47), G2 (66EP54), and G4 (71PS8)). For the BA effect study, winter buds were used from four trees (G1 (67EP47), GA (PS2), GB (PSI-1 #1), and GC (PSI-1 #2)). The buds were separated into two groups, apical (terminal buds) and axillary buds. Each group of buds underwent various fl aming or bleach-based surface sterilization treatments before in vitro culture initiation.
Bud sterilization and dissection. The winter and spring buds were trimmed from collected stems allowing a 2 to 5 mm portion of stem or internode to remain attached to the bud. The buds were rinsed with tap water then submerged in 95% ethanol for 10 min to dissolve the resin and wax from the bud scales. After the ethanol treatment the buds were transferred into a sterile dish under aseptic conditions and divided into fi ve groups for the different sterilization treatments (1 h in 20% commercial bleach (1% sodium chloride), 1 h in 100% commercial bleach (5% sodium chloride), 3 s fl aming, 5 s fl aming, and self-extinguishing fl aming). For the bleach treatments the buds were transferred into a 50 mL sterile falcon tube containing either 20% commercial bleach (1% sodium chloride) or 100% commercial bleach (5% sodium chloride) solution for 1 h. Then they were rinsed three times in sterile water and left to dry under aseptic condition for about 15 to 30 min.
For the fl ame sterilization treatments, after the initial ethanol treatment, the buds were transferred into a dry sterile petri dish. Then they were picked, dipped in a fresh 95% ethanol solution for 2 s and ignited over a Bunsen burner. For the fl aming treatments of 3 s or 5 s, fl aming was interrupted by a quick dip of the bud in sterile water, which immediately extinguished the fl ames. For the self-extinguishing fl aming treatment, the buds were left to burn naturally until the fl ame extinguished by itself, which takes an average of 9 and 14 s for winter and spring buds, respectively. After the fl ame was extinguished, the buds were allowed to dry and cool for 10 to 20 min before culture initiation.
Sterilized buds were dissected for culture ) media then transferred onto hormone free media.
initiation by making a longitudinal cut on the side of each bud. Then using two pairs of forceps, the bud was held at the base of the stem and the outer scales were removed by holding the base of the scale at the open cut and rotating it around the stem axis. The inner soft protective scale was then pulled out with tweezers. The exposed immature shoot was then removed from the remaining stem by a horizontal cut at its base. The shoot was cultured on solid media. In addition to the dissected buds, nondissected buds with all their protective scales intact were also cultured after the various sterilization treatments.
Media preparation and growth conditions. After sterilization, explants were cultured on DCR medium containing various concentrations (0 to 4.527 µmol·L -1 ) of BA, 30 g·L -1 of sucrose, pH to 5.7, and 7 g·L -1 of Bacto-agar. To test the effect of BA on bud development, winter buds were sterilized using 20% bleach and induced by culturing on DCR medium containing 0, 0.011, 0.022, 0.045, 0.448, 0.896, 2.264, or 4.527 µmol·L -1 of BA for an initial two weeks, after which they were transferred onto BA-free media and subcultured every 4 weeks. The media was autoclaved at 121 °C for 18 min, then cooled to about 50 °C before the addition of BA from twice-fi lter-sterilized stock solutions. The media was poured into 60 mm × 15 mm petri dishes and stored in the dark at 25 °C for at least 1 week to confi rm the absence of any contamination before use. The explants were placed upright onto the media and the containers sealed with parafi lm. The cultures were incubated in a growth chamber at a constant 26 °C and a light intensity of 160 µmol·m -2 ·s -1 under a 16-h light photoperiod, provided by cool fl uorescent lamps.
Data collection and analysis. The apical and axillary buds from each genotype were cultured separately for the entire experiment. Each petri dish contained 10 bud explants. Each treatment was composed of four to six replicate petri dishes per experiment and each experiment was repeated at least three times. For the sterilization experiment, buds were evaluated 2 weeks after culture initiation and the percentage of healthy, contaminated, dead or partially burned buds per dish was recorded. For the BA treatments, bud response was calculated as percentage of healthy buds with expanding needles. The level of their response was individually evaluated by counting the number of expanded needles at least 4 mm long on each responsive bud explant. The data was analyzed by performing an analysis of variance (ANOVA) using the Statview software (SAS Institute Inc., Cary N.C.).
Results

Effect of various sterilization treatments.
Apical and axillary winter bud explants were sterilized using 20% bleach solution, 100% bleach solution, 3 s fl aming, 5 s fl aming or self-extinguishing fl aming. Two weeks after a successful sterilization and culture initiation, green and waxy expanding needles were observed on dissected winter and spring bud explants, indicating a healthy start in growth (Fig. 1a and b) . In contrast, other buds killed by the treatments turned brown and their immature needles remained compacted with no expansion (Fig. 1c) . For partially damaged buds, the dead portion turned brown and the needles remained compacted, while live portions of the buds showed expanding green needles (Fig. 1d) . When buds were not dissected before culture initiation, contamination was very high and all intact buds that were sterilized using bleach were lost to contamination (Fig. 1e, Table1) . Flaming was better than bleach in reducing contamination for nondissected buds, but the losses were still high. For example, the fl aming treatments of 3 s, 5 s, and self-extinguishing, yielded 92.85%, 85.71%, and 61.9% contamination respectively (Table 1) without dissection.
When the winter buds were dissected after the various sterilization treatments, contamination was dramatically reduced to <1% for all the treatments and even 0% for the self-extinguishing treatment (Fig. 2a) . Though fl aming until self-extinguished was effective in controlling contamination, it severely injured or killed most of the explants and only 10% of them remained healthy (Figs. 1c and d and 2a) . With the reduced fl aming times of 5 s and 3 s, bud injury and death was signifi cantly reduced, so that 59% and 66% healthy growing buds were produced, respectively (Fig. 2a) . In contrast to bleach-sterilized nondissected winter buds (which had high contamination rates), buds dissected after bleach-sterilization showed a low contamination rate (<1%) and almost no injury or death. Over 85% of the buds grew and remained healthy after 20% or 100% bleach sterilization treatments and dissection (Figs. 1a and 2a) . The same trend was observed when 3 different genotypes were subjected to the various sterilization treatments. Though a variation in bud survival was observed among the 3 genotypes tested, it was not signifi cant. The 20% and 100% bleach solution treatments and the 3 s fl aming exhibited higher explant survival rates (80% to 100% healthy buds) than the 5 s fl aming (60% to 85% healthy buds) ( Table  2 ). Because of an initial experimental result 
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20% bleach treatment with bud dissection was more effi cient, economical, and less damaging to the buds than the other treatments tested. Because of that, and to test the suitability of the best sterilization method for use in micropropagation, buds used to test the effect of various BA concentrations were sterilized using the 20% bleach treatment and dissection. After the bleach treatment, the buds were dried for 15 to 30 min before being dissected and cultured onto media containing various concentrations of BA. After two weeks the buds were transferred onto BA-free media and subcultured every 4 weeks. Bud expansion response (percentage of buds with expanded needles) was greater (50% to 98%) for the control and low BA concentrations (0.011 to 0.045 µmol·L -1
) than for media with high BA concentrations (0.448 to 4.527 µmol·L -1 ) (Figs. 1f and 3a and b) . In contrast to the buds on low BA media, buds on high BA media produced 0 to 60% bud expansion ( Fig.  3a and b) . Needles on most of the buds on high BA media remained compacted with little or no expansion (Fig 1f) . For all genotypes tested, there was not a signifi cant difference for bud expansion between the control (no BA) and treatments with low BA (0.011 to 0.045 µmol·L -1 ) concentrations (p = 0.53). All the genotypes tested produced 80% to 98% bud expansion on the control media and on media with low BA concentration, except the G1 genotype which produced 55% to 81% bud expansion (Fig. 3a) . In addition, buds grown on control media or media with low BA also produced more needles (nine to twenty) per responsive bud, than at higher BA levels. Fast expanding buds induced on low BA concentration media continued to grow and develop into expanded shoots (Fig. 1g) . However, buds induced on high BA concentrations produced 10 needles or less per responsive bud and were slow to develop into an expanded shoot. There was no signifi cant difference (p = 0.56) in the percentage of buds that expanded in response to BA when terminal and axillary buds were compared (Fig. 4a) . However a signifi cant difference was found for the average number of needles per responsive bud that expanded (p = 0.0006). Terminal buds had more expanded needles per responsive bud than did axillary buds (Fig 4b) . Although the bud expansion response was not observed on media with high BA concentration (4.527 µmol·L -1 ) initially, that concentration of BA did induce bud multiplication within 3 months after culture initiation (Fig. 1h) . No multiplication was observed on buds cultured on BA free media, nor on media with lower BA concentrations. The de novo buds subsequently developed successfully into expanded shoots with multiple branches (Fig. 1g) .
Discussion
Flaming is one of the most effective ways to sterilize tissue culture instruments such as forceps or cutting blades. As a means of explant sterilization, fl aming has been used successfully for cacao pod sterilization before dissection and immature embryo extraction (Duhem et al., 1988) . However, fl aming was not reported previously for douglas fi r bud sterilization. This Fig. 3 . Effect of various BA concentrations on in vitro bud development of four douglas fi r genotypes. The buds were sterilized using the 20% bleach sterilization treatment before culturing onto media with various concentration of BA. Fig. 4 . Effect of various BA concentrations and bud type on douglas fi r bud development in vitro. The buds were sterilized using the 20% bleach sterilization treatment before culturing onto media with various concentrations of BA.
indicating a low survival rate of only 10% (Fig. 2a) , the self-extinguishing fl aming treatment was not included in the evaluation of survival in the 3 genotypes tested (Table 2) .
Relation between season, bud morphology and sterilization techniques. To compare the effectiveness of the sterilization techniques on buds collected in different seasons, spring and winter buds were subjected to the same fi ve sterilizations treatments, followed by dissection to remove the outer and inner scales before culture initiation. Compared to the smaller (10.5 mm long) winter buds, spring buds (averaging 12.7 mm long) required a longer time for the ethanol fl ame to self extinguish (9.1 s versus 14.2 s, respectively). The spring buds were already expanding on the trees from which they were collected and thus differed physiologically from the dormant winter buds, including scales that were softer, thinner and often transparent. The already well developed needles of spring buds expanded readily during culture initiation (Fig.  1b) . Similar to winter buds, spring buds from the self-extinguishing fl aming treatment produced low contamination rates (3%). However spring buds were also susceptible to fl ame injuries or death, and only 2% remained healthy when cultured (Fig. 2b) . Shorter fl aming times of 5 and 3 s resulted in more death and injuries for spring buds than winter buds ( Fig. 2a and b) . In addition to injuries and death from fl aming, spring buds showed more contamination in culture than winter buds, especially after bleach sterilization ( Fig. 2a and  b) . Contamination was the highest after 20% bleach sterilization (37%) followed by 100% bleach sterilization (25%), 3 s fl aming (20%), 5 s fl aming (12%), and self-extinguishing fl aming (3%).
Effect of various BA concentrations on bud development. To investigate bud establishment and development in tissue culture after successful sterilization, various BA concentrations were tested using winter buds. Our earlier experiments on bud sterilization indicated that is the fi rst comparative study of various sterilization methods for initiating in vitro douglas fi r bud cultures. We report for the fi rst time that it is possible to use fl aming as a means to sterilize douglas fi r buds for in vitro culture initiation. Although fl aming produced more tissue damage and bud death in douglas fi r than did bleach, it resulted in lower contamination rates. Since most of the microorganisms responsible for contamination are present outside the bud, they could be effectively destroyed by the surface fl ames, which can reach temperatures above 100 °C. We found that the duration of the fl aming affected sterilization effi ciency and bud survival. Only lower fl aming durations of 3 or 5 s produced a useful percentage of healthy growing buds in culture (66% and 59% respectively). During short fl aming times, the shield provided by the scale was usually suffi cient to prevent the heat from penetrating the bud and killing the tissues, especially in the winter buds with thicker scales. It is possible that in a high contamination environment, 3 to 5 s of fl aming, in combination with bud dissection, could be the preferred alternative to bleach for douglas fi r bud sterilization before in vitro culture initiation. Our study showed that douglas fi r bud sterilization was most effi cient when the sterilization treatment was followed by dissection to remove the outer and inner bud scales. This suggests that most contaminants were present on the outer scales, which are exposed to the outside environment, and that some organisms may remain and will contaminate the cultures unless the scales are physically removed from the buds. For winter buds with thick scales, the shielded and enclosed immature shoot and its inner tissue was isolated from the outside environment and generally contaminant-free. Dissected winter buds showed lower contamination rates than spring ones. With the fast development of the buds in spring before opening, scales in spring buds begin to thin, which increases the possibility of microorganisms accessing the inner tissue and the immature shoot. Because of their intimate contact with microorganisms, exposed plant organs are often diffi cult to sterilize. This was shown in early conifer micropropagation reports in which high contaminations were recorded when nonprotected explants were cultured (Keathley, 1984; Timmis and Ritchie, 1984) . Improved sterilization was reported using toxic agents such as mercuric chloride , which most researchers would like to avoid. Similar to our study, previous reports showed that successful douglas fi r micropropagation required use of bleach sterilization followed by bud dissection to remove the outer scales, although percent success rates were not previously reported (Dunstan et al., 1986 (Dunstan et al., , 1989 (Dunstan et al., , 1992 . We were able to develop a more stringent sterilization treatment than previously reported (5% sodium hypochlorite compared to 1.2%, and the addition of fl aming) for a more successful bud sterilization and culture initiation.
After a successful sterilization, the cultured buds showed better initial growth and development on media with low BA concentrations. Our results indicated that media with no BA or low BA concentrations (0.011 to 0.045 µmol·L -1 ) yielded a higher percentage of buds that expanded into shoots. In addition to a higher percentage of expanding buds, the buds on the low BA media exhibited a greater extent of development, i.e. more fully expanded needles per responsive bud. In contrast, buds grown on media with high concentrations of BA (0.448 to 4.527 µmol·L -1 ) either did not expand or responded with low or slow bud expansion. The low BA requirement for initial bud expansion has previously been reported in douglas fi r (Dunstan et al., 1992; . Continuous culture of douglas fi r explants on cytokinin-containing media resulted in the inhibition or the reduction of bud development (Cheng and Voqui, 1977; Dunstan et al., 1992; Mohammed and Patel, 1989) or limited bud extension (Dunstan et al., 1986) . Better bud expansion was previously reported when buds were grown on media with BA followed by a transfer onto hormone free media (Dunstan et al., 1986) or when BA concentrations or exposure time were reduced (Dunstan et al., 1992) . In our experiment, high concentrations of cytokinin appeared to block the extension of the apical meristem and stimulate the release of lateral buds. This result is in agreement with the previous reports on bud multiplication in douglas fi r where high concentrations of cytokinin promoted bud multiplication (Cheng and Voqui, 1977; Dunstan et al., 1986; , 1992 Mohammed and Patel, 1989) .
In our comparative study on douglas fi r bud sterilization and establishment reported here, we tested various sterilization protocols and various concentrations of cytokinin in culture initiation media. Cultures can be established on the DCR medium containing 0 to 0.045 µmol·L -1 BA, from winter buds that are sterilized by fl aming (3 to 5 s) or bleach treatment (20% or 100%) followed by bud dissection to remove the outer scales. With <5% contamination rates, it is now possible for nine out of ten winter buds cultured in a petri dish to successfully develop into established shoot cultures free of contamination. Future research will use the foundation that this study has provided to obtain a complete micropropagation system for high multiplication rates of douglas fi r Christmas tree cultivars.
